This paper presents the photocatalytic and photoelectrochemical (PEC) properties of Ta 3 N 5 microcolumn films. The highlights include (1) overcoming the fundamental barrier of standard reactive sputtering for fabricating microcolumns; (2) preventing unnecessary complexity from complicating facile sputtering; (3) an alternative but effective approach for fabricating Ta 3 N 5 without using caustic NH 3 gases; (4) investigating morphology tuning for favorable photocatalysis and PEC reactions; and (5) elucidating the relationships of the structures, morphologies, and properties of Ta 3 N 5 microcolumns. High-resolution transmission electron microscopy and selective-area electron diffraction verified the polycrystallinity of Ta 3 N 5 microcolumns, of which the elemental compositions and stoichiometry were measured using electron-probe energy dispersive spectroscopy, Auger electron spectroscopy, and X-ray photoelectron spectroscopy. The corresponding band gap was determined to be approximately 2.1 eV. The sample exhibited a superior photodegradation capability; the photodegradation rate constant k was determined to be approximately 1.4 times higher than that of P25 under UV irradiation. A photocatalytic and PEC cycling test indicated the photodegradation reusability and photostability of the Ta 3 N 5 microcolumns. The incident photon-to-current efficiency performance reached 6%, suggesting that these microcolumns hold potential for application in PEC devices. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Globally, nonrenewable fossil fuels remain the predominant energy resources. Burning these fuels produces high amounts of greenhouse gases (e.g., CO 2 ) and various harmful organic byproducts. Furthermore, energy consumption and environmental pollution have raised substantial concerns from the scientific community. Extensive exploration of environmentally sustainable green energy technologies is therefore necessary. Among alternative energy resources, solar energy is notably appealing because it is natural, clean, and renewable.
Photocatalysis is an effective means of utilizing solar energy; it can convert photons into chemical energy and decompose organic pollutants. 1 The fundamental mechanism for decomposing organic pollutants is to generate electronhole (e À -h þ ) pairs and minimize their recombination when a semiconductor photocatalyst is irradiated. The resultant e À -h þ pairs further trigger the formation of active •O 2 À and •OH radicals, which enable pollutants to break down into harmless materials.
1 Small band gap materials enabling solar absorption in the visible light range (approximately 43% of solar spectrum 2 ) are favorable photocatalysts because of their efficient energy harvesting. The present study focused exclusively on exploring a novel small band gap material for remediating organic pollutants.
Using a semiconductor TiO 2 photocatalyst for harvesting H 2 was first demonstrated by Fujishima and Honda et al. in
1972;
3 this has been recognized as a landmark event for water splitting. TiO 2 has since been the most widely investigated photocatalyst.
1,4 However, its intrinsically wide band gap limits the scale of its application. Scientists have developed various strategies to overcome this limitation, including modulating energy bands, [5] [6] [7] employing nanostructures, 8 constructing heterojunctions or composites, 9 ,10 surface plasma resonance, 11 and adding quantum dots or dyes on the surface of TiO 2 for strong light sensitization. 12 Various other semiconductors, 1 including CdS, 13 CdSe, 14 ZnO, 15 WO 3 , 16 and Cu 2 O, 17 have also been intensively investigated as heterogeneous photocatalysts. However, CdS and CdSe are toxic, unstable, and photocorrosive materials. 18, 19 ZnO is also a wide-gap semiconductor (3.3 eV); it suffers from low photocatalytic activity and low stability because of photochemical corrosion. 15 Cu 2 O has the disadvantages of self-reduction and self-oxidation to Cu and CuO, respectively. 20 WO 3 exhibits a high recombination rate of e À -h þ pairs. 21 Visible-lightresponse Ta-based nitride systems have drawn attention to  other promising photocatalysts including TaON,  22 Ta 3 N 5 ,   23 Ta 4 N 5 , 24 and nitrogen-doped Ta 2 O 5 (Ta 2 O 5Àx N x ). 25 Stampfl and Freeman employed density functional theory to investigate the atomic and electronic structures and formation energies of defective Ta x N y phases, 26 reporting that the electronic shells of Ta 3 N 5 are completely filled and that the formation enthalpy (À132.8 kJ/atg) is negatively below that of TaN (À124.4 kJ/atg); thus, Ta 3 N 5 exhibits excellent thermostability in the high-nitrogen-content domain. Violet et al. 27 also performed a first-principle calculation, using local density a)
Author to whom correspondence should be addressed. Electronic mail: kschang@mail.ncku.edu.tw approximation to calculate the stability of various Ta x N y forms. Among these forms, orthorhombic Ta 3 N 5 (space group: Cmcm) was notable because it demonstrated various superior properties. 26 Ta 3 N 5 was also reported to be able to decompose water into oxygen and hydrogen, 28 and to photodegrade organic compounds. 23, 29 In addition, its photocatalytic activities did not noticeably deteriorate during a cycling test, indicating its excellent stability and reusability. 23 Ta 3 N 5 was reported as not oxidizing until reaching 500 C, evidencing it to be a superior photocatalyst at room temperature. 30 Various strategies have been proposed for improving the photocatalytic properties of Ta 3 N 5 , including cocatalyst, 31, 32 dopant, 33 and morphology modifications. 28, 34, 35 Ta 3 N 5 is typically synthesized through a two-step strategy. First, a Ta 2 O 5 precursor is grown; second, nitridation is performed at a high temperature in a moistened NH 3 atmosphere. 36 This method usually presents difficulties in controlling the Ta 3 N 5 film thickness; another concern is structural discontinuities resulting from the film expansion and contraction during several oxidation and nitridation processes. 37 Furthermore, Ta 3 N 5 has been prepared by high-temperature nitridation of TaCl 5 , 38 TaS 2 , 39 and Ta particles in a NH 3 atmosphere. 40 Preparation has also been feasible through a solid-state reaction of lithium amides with TaCl 5 (Ref. 41 ) and a solvothermal reaction of TaCl 5 and LiNH 2 . 42 Motivated by convenience and low costs, numerous studies 38, 40, 42 have adopted solution-based processes to fabricate Ta 3 N 5 photocatalysts. By contrast, reactive sputtering has not been commonly used to fabricate one-dimensional Ta 3 N 5 because of the fundamental challenge originating from the high mobility of deposited species 43 in a sputtering system, which usually favors the formation of uniform thin films. In 1969, Movchan et al. 44 proposed a structure zone model to explain the microstructures of evaporated metal and oxide films as a function of substrate temperatures. Thornton 43 employed argon pressures in sputtering, thus extending the application of the model to columnar metal films.
Reactive sputtering has been demonstrated by the Joint Center for Artificial Photosynthesis as a promising technique in fabricating nitride and oxide films applied to photoelectrochemical (PEC) applications. 45, 46 To further extend the flexibility scope of sputtering, this study aimed to overcome the aforementioned intrinsic barriers and develop a facile and direct method for fabricating pure Ta 3 N 5 , involving no additional treatments such as a seeding layer, substrate rotation, glancing angle strategy, or a caustic NH 3 atmosphere. The proposed method prevents unnecessary complexity from being incorporated into a standard sputtering system; our strategy could be readily extended to industry-scale sputtering systems for scalability. In addition, Ta 3 N 5 morphology was tuned to microcolumns, which favor photocatalysis because of their high specific surface area and excellent charge carrier transport properties. The geometry was readily achieved using a high working pressure and pyramid-like fluorine-doped tin oxide (FTO) substrate as a template. Furthermore, the relationships among the structures, morphologies, and Ta 3 N 5 microcolumn properties were studied.
II. EXPERIMENTAL
Standard reactive sputtering using extra-high-purity Ar and N 2 (99.999%) was employed to produce Ta 3 N 5 microcolumns. A FTO/glass substrate, which was cleaned comprehensively prior to deposition, was used for this experiment. A standard cleaning procedure was followed using acetone, methanol, isopropyl alcohol, and distilled water in sequence to remove organic and inorganic contaminants; ultrasonic agitation was conducted for 5 min for each chemical. The conditions for fabricating the Ta 3 N 5 microcolumns were DC 450 W, working pressure of 30 mTorr, and Ar to N 2 flow rates of 7:15 sccm at 600
C for 1 h. X-ray diffraction (XRD) was conducted to investigate the crystalline phases. Fieldemission scanning electron microscopy (SEM) was employed to analyze the sample morphologies. The microstructures and crystallinity at the atomic scale were examined using high resolution transmission electron microscopy (HRTEM) and selective area electron diffraction (SAED). The morphologies and thicknesses were also measured using transmission electron microscopy (TEM). Built-in energy dispersive spectroscopy (EDS) enabled characterization of the elemental compositions and stoichiometry of the obtained Ta 3 N 5 microcolumns. The corresponding optical properties were studied using a UV-vis spectrophotometer. Applying measurements of the absorption edges, Ta 3 N 5 band gaps were also extracted. X-ray photoelectron spectroscopy (XPS) was performed to obtain stoichiometry and chemicalstate data from the surface of materials. Auger electron spectroscopy (AES) investigations were employed to determine the compositions of sample surface layers to support the XPS results.
The photocatalytic efficiencies of the Ta 3 N 5 microcolumns were analyzed by measuring the photodegradation rate of methylene blue (MB) solutions (1 ppm, 10 ml) with a 300-W tungsten halogen lamp (approximately 5.5 mW/cm 2 ). Two samples, each approximately 1.0 Â 1.0 cm, were employed. Agitation was applied during measurement to ensure intimate contact between the MB solutions and Ta 3 N 5 samples. The sample solution was maintained in darkness for the first 30 min to ensure absorption-desorption equilibrium before measurements were conducted. According to the absorbance measured at 663 nm by using the UV-vis spectrometer, the residual MB concentration was acquired. The data were collected every 30 min during the reaction. To study the photostability of the Ta 3 N 5 microcolumns, a three-run cycling test was conducted; the sample was washed thoroughly through ultrasonic cleaning with acetone for 30 min between each run.
The photocurrent density (J D ) was characterized at 0.5 V bias under a noncollimated illumination (a 300-W tungsten halogen lamp) at a distance of 25 cm by using a potentiostat in a three-electrode electrochemical cell, which consisted of a working photoelectrode (Ta 3 N 5 microcolumns, 1 Â 1 cm), counter electrode (Pt), and saturated calomel electrode immersed in a 1.0 M NaOH (aq) electrolyte solution.
Fabrication of a PEC cell for an incident photon-to-current efficiency (IPCE) experiment was conducted by heating two L-shaped polymers (Surlyn) to approximately 120 C for several minutes to ensure their attachment to two electrodes, of which the Ta 3 N 5 microcolumn films were used as the working photoelectrode and the Pt electrode was employed as a counter photoelectrode. The resultant reservoir was supplied with 0.1-M Na 2 SO 4 electrolyte solution. The cell was then tested using a light source with a wavelength ranging from 400 to 650 nm. No DC bias was applied.
III. RESULTS AND DISCUSSION
Previous studies, 43, 44 including our prior research, 47 have found that high working pressures are essential for fabricating microcolumns, but that excessively high working pressure results in poor crystallinity. In the present study, the fabrication conditions were as follows: DC power 450 W, in situ 600 C deposition, and working pressure of 30 mTorr, which was maintained using Ar to N 2 flow rates of 7:14 sccm. As shown in Fig. 1 , the XRD results (7:14, solid blue line) revealed the coexistence of Ta 3 N 5 (blue dashed line) and Ta 4 N 5 (red dashed line). To minimize the amount of Ta 4 N 5 and obtain single-phase Ta 3 N 5 , higher N 2 flow rates were examined; values of 15 sccm and 16 sccm were applied and the other deposition parameters were retained. As shown in Fig. 1 , the diffraction patterns (solid purple and green) changed as a function of N 2 flow rates, which revealed the phase evolution. When N 2 was set to 15 sccm (solid purple line), the Ta 4 N 5 peak at (121) vanished and the Ta 3 N 5 peak at (203) was enhanced, indicating effective N 2 incorporation into the sample, leading to favorable formation of Ta 3 N 5 . However, when N 2 was set slightly higher at 16 sccm (solid green line), the sample became amorphous; only FTO substrate peaks were observed. It was found that the Ta x N y fabrication was sensitive to N 2 atmosphere; small variations in N 2 quantities (1 sccm, approximately 7%) could cause phase evolution of Ta x N y . This observation is consistent with that of a previous study. 48 XPS was conducted to further verify this result.
SEM was then applied to characterize the morphology of the 15-sccm-N 2 sample. In Fig. 2(a) , the side-view image exhibits definitive rod structures that were improved because (1) the rough FTO/glass surface enhanced nonuniform deposition, leading to the growth of columnar Ta 3 N 5 ; and (2) reduced mobility of sputtered species was achieved under high working-pressure deposition. The short mean free path also enabled microcolumn formation. The length and diameter of each column were observed as approximately 1.4 and 0.8 lm, respectively. By comparing our Ta 3 N 5 with those reported in literature, [49] [50] [51] similar morphology but larger diameters were observed. Thus, microcolumn films were emphasized. In Fig. 2(b) , the top-view image shows observable gaps between the rods.
To examine the complexities of the Ta x N y system, the chemical compositions and bonds of the Ta 3 N 5 microcolumn samples were studied using XPS, which is a widely used surface analysis technique. Three samples produced at various N 2 flow rates, ranging 14-16 sccm, were analyzed. The Ta 4f spectra are shown in Fig. 3(a) . In general, a broadening peak (black line) for each sample was observed, attributed to coexistence of multiple Ta x N y phases, which were resolved using a deconvolution algorithm. The results were similar to those of a previous study; 52 the blue peaks at approximately 24.2 eV (Ta 4f 7/2 ) and 26.1 eV (Ta 4f 5/2 ) were associated with Ta 3 N 5 , whereas the green peaks at approximately 23.1 eV (Ta 4f 7/2 ) and 25.0 eV (Ta 4f 5/2 ) were attributed to Ta 4 N 5. In addition, the red peaks at approximately 25.4 eV (Ta 4f 7/2 ) and 27.3 eV (Ta 4f 5/2 ) were attributed to tantalum suboxide; these results were similar to those of another previous study. 53 It was observed that all of the samples contained tantalum suboxide, which may have resulted from the oxidation of sample surfaces. In addition to tantalum suboxide, the 14-sccm-N 2 sample (bottom of Fig. 3(a) ) also exhibited both Ta 3 N 5 and Ta 4 N 5 phases, whereas the 15-sccm-N 2 sample exhibited only a pure Ta 3 N 5 phase. These results are consistent with the XRD analysis (Fig. 1) . Although the 16-sccm-N 2 sample also yielded high-intensity Ta 3 N 5 peaks, its amorphous structures, as shown in Fig. 1 , were unfavorable for photocatalytic application. The XPS analyses verified small variations in N 2 -atmosphere-induced phase evolution of Ta x N y . Figure 3(b) shows the N 1 s XPS spectra of three samples, in which no observable differences of intensity or peak locations were observed. The peak at approximately 395 eV was attributed to Ta-N, indicating robust Ta-N bonding. However, the broadening peak at approximately 402 eV was not definitively identified in literature. 54 This might be attributable to either absorbed chemicals or interstitial N in the system. The XRD, SEM, and XPS analyses suggested that single-phase Ta 3 N 5 microcolumns were achieved using facile reactive sputtering.
To further verify the constituent elements and compositions of the Ta 3 N 5 microcolumns, AES was conducted (Fig. 4) . AES is not a straightforward means of quantitative analysis because it exhibits complicated closely spaced groups of multiple peaks in the spectra (e.g., the Ta peak at approximately 1670 eV was contributed by Ta MN3 and Ta MN4); however, it still can obtain crucial data if appropriate peaks are considered. As shown in Fig. 4 , various characteristic peaks were observed; the peaks were attributed to the constituent elements (i.e., Ta and N). Additional elements of C and O were also observed, which might have come from the atmosphere or oxidized sample surfaces. The atomic ratios of Ta, N, C, and O were determined by calculating the specific-peak areas (red color in Fig. 4 ; no transition overlapping involved), which were corrected by considering relative sensitivity factors for each element (inset table, Fig. 4 ). Because our Ta 3 N 5 sample was thick (approximately 1.4 lm), approximately 0.6 at. % of observed O 2 is consistent with the statement that the effective oxidation of Ta 3 N 5 is only for thin layers. 55 The atomic ratio of N-Ta was estimated to be approximately 1.73, which is comparable with that of stoichiometric Ta 3 N 5 (approximately 1.67).
To prepare for practical applications, the characteristics of the Ta 3 N 5 microcolumn samples were further analyzed. TEM was employed to reveal the microstructural details of the samples (see supplementary material). The optical properties were also characterized using a UV-vis spectrometer (see supplementary material).
The associated photocatalytic properties of the Ta 3 N 5 microcolumns were measured using photodegrading MB solutions under a tungsten halogen lamp; the residual MB concentrations were evaluated using a UV-vis spectrometer. To study the absorption-desorption reactions of the photocatalyst, one sample solution was examined in darkness for 1 h. It was found that the equilibrium did not occur until time exceeding 30 min (inset, Fig. 5(a) ). Therefore, the photocatalysis trials of all the sample solutions were conducted after 30-min dark reactions. Furthermore, a previous study demonstrated that the chemical environment (i.e., pH level) of photocatalysis is crucial for efficiency. 56 Our earlier study 24 showed that a pH value of approximately 10 was optimal for photodegrading MB. Fig. 5(a) exhibits the photodegradation results; blank MB (green line, self photodegradation without Ta 3 N 5 photocatalyst) was characterized as a reference and found to be barely photodegraded. In addition, 1-ppm P25, comprising commercial TiO 2 nanoparticles with concentrations approximating that of our Ta 3 N 5 microcolumn sample, was prepared and tested for comparison. Our Ta 3 N 5 microcolumn sample exhibited superior efficiency (blue line) than that of P25 both under UV (red dashed line) and visible (red line) irradiation. For our Ta 3 N 5 microcolumn sample, approximately 50% of the MB was decomposed 150 min after the dark-reaction correction. The results exhibited the effective photodegradation capability of our Ta 3 N 5 microcolumn sample. In addition, to examine the photocatalytic kinetics of the system, ln (C 0 /C) versus irradiation time was plotted ( (Fig. 5(b) ); C 0 and C denote the original and residual concentrations of MB, respectively. A linear relationship among them was observed for all of the samples, evidencing first-order photocatalytic reactions. The photodegradation rate constant k for the Ta 3 N 5 microcolumns was determined to be approximately 0.0059 min
À1
, which was approximately 1.4 times higher than that of P25 under UV irradiation.
To evaluate the photodegradation stability and reusability of the Ta 3 N 5 microcolumns, a consecutive three-time cycling test was performed (Fig. 6 ). After each cycle (180 min), the sample was removed from the MB solution and ultrasonically washed with acetone for 30 min. The sample was then immersed in the same volume of a fresh MB solution for another run. The photocatalytic performance was consistent throughout the three-cycle test without observable deterioration, evidencing Ta 3 N 5 microcolumns to be efficient and reliable photocatalysts that hold promise for applications related to environmental sustainability.
PEC applications of the sample were also examined. Figure 7 shows the corresponding J D measured at 0.5 V bias by using a tungsten halogen lamp. The photostability was verified through a cycling test, in which three runs and seven cycles for each run were conducted. For each run, the J D values were observed to be slightly higher for the first three cycles; however, they subsequently stabilized. Liu et al. 57 reported that a Ta 3 N 5 photoanode, decorated by using holestorage and blocking layers, exhibited a record photocurrent density. Our samples were not further treated to reduce charge carrier recombination; therefore, no notable photocurrent densities were achieved. However, our samples exhibited superior PEC stability, which is usually a concern for metal nitrides in aqueous solutions. 45 IPCE is another highly insightful indicator of PEC-cell performance. The results may suggest the efficiency of solarto-hydrogen conversion when the measurement is employed at zero bias. 58 Figure 8 illustrates PEC effective performance by comparing our Ta 3 N 5 microcolumns (blue line), the IPCEs of Ta 3 N 5 nanotubes (red line), and their composites (purple and green lines) adopted from the literature. 59 As shown in the figure, our Ta 3 N 5 microcolumns exhibited superior properties compared with Ta 3 N 5 nanotubes. Values of up to 6% (approximately 10% error) were observed for wavelengths at approximately 400 nm; performance was not substantially inferior to that of Ta 3 N 5 nanotubes-IrO 2 or that of Ta 3 N 5 nanotubes-Co 3 O 4 composites. Both the PEC and IPCE features suggested the potential of Ta 3 N 5 microcolumns for application in PEC devices.
IV. CONCLUSIONS
A standard reactive sputtering system involving high working pressure was employed to fabricate Ta 3 N 5 microcolumn films without using caustic NH 3 gases. The high aspect-ratio morphology was found to be favorable for photocatalysis and PEC reactions. This study emphasized the relationships of the structures, morphologies, and properties of Ta including HRTEM, SAED, electron-probe EDS, and AES, were applied to verify the crystallinity, elemental compositions, and stoichiometry of the obtained Ta 3 N 5 microcolumns. The corresponding band gap of the sample was determined using a UV-vis spectrometer to be approximately 2.1 eV. The sample was observed to exhibit superior photodegradation reusability by using a cycling test; the photodegradation rate constant k was approximately 1.4 times higher than that of P25 under UV irradiation. Both features indicated Ta 3 N 5 microcolumns to be superior photocatalysts. A consistent PEC cycling test result and IPCE values of up to 6% suggested that Ta 3 N 5 microcolumns hold promise for application in PEC devices.
SUPPLEMENTARY MATERIAL
See supplementary material for details about the TEM and UV-vis analyses of the Ta 3 N 5 microcolumns.
